The pyruvate and 2-oxoglutarate dehydrogenase complexes catalyse the oxidative decarboxylation of pyruvate or 2-Abbreviations used: kb, kilobases; SDS, sodium dodecyl sulphate.
In addition to the similarities in enzymic activities, UvrD protein also possesses similar chromatographic properties to helicase 11, eluting from DNA-agarose at 0.4M-~dt, phospho-cellulose at 0 . 3 5~ and DEAEcellulose at 0 . 1 8~, which are all close to previously reported values for helicase 11. Furthermore, both proteins behave as monomers in gel filtration, eluting just before bovine serum albumin (68 kDa).
To positively confirm that DNA helicase I1 is the uvrD gene product, two alternative methods were employed, both utilizing the availability of antisera raised against DNA helicase 11. In the first, the ability of anti-helicase I1 to selectively precipitate labelled UvrD protein from maxicells was determined. The plasmid pHMAlO produces four strongly labelled proteins in maxicells, including UvrD. Upon incubation with anti-helicase 11, the 73 kDa UvrD protein is selectively precipitated while the remaining three proteins remain in the supernatant. In a control experiment using antisera raised against helicase I, none of the proteins was precipitated (Hickson et al., 1983) . In the second method, the effect of anti-helicase I1 on the enzymic properties of purified UvrD protein was determined. Preincubation of UvrD protein with anti-helicase I1 leads to the loss of both the DNA-dependent-ATPase activity and the ATP-dependent-helicase activity, whereas, under identical conditions, anti-helicase I has no effect (Hickson et al., 1983) . On the basis of this evidence it may be concluded that DNA helicase I1 is the uorD gene product.
This application of recombinant DNA technology permits the linking together of information derived from genetic studies of uvrD mutants and biochemical data obtained from studies in vitro on purified DNA helicase 11. It also provides a very much simplified purification procedure for DNA helicase 11.
The cloning of the DNA repair genes described here, as well as others such as the recA and uvrABC genes, has opened the way to a detailed study of the control of gene expression and of the enzymic activities of the purified gene products.
1979). The specific components of the pyruvate dehydrogenase complex are encoded by the aceE (Elp) and aceF (E2p) genes that form an operon close to the nadC at 2.6min on the E. coli linkage map (Henning et al., 1966) . The specific components of the 2-oxoglutarate dehydrogenase complex are encoded by the sucA (Elo) and sucB (E20) genes, which constitute an analogous operon, located at 16.3min, very close to the citrate synthase (gltA) and succinate dehydrogenase (sdhA,B) genes (Guest, 1978) . The E3 component, which catalyses the re-oxidation of enzymebound lipoamide coenzyme in both complexes, is encoded by a single gene (Ipd) linked to the ace operon.
The relative positions and transcriptional polarities of the genes in the corresponding segments of bacterial chromosome are summarized in Fig. I . The two complexes appear to be independently regulated, the pyruvate complex being induced by pyruvate and inhibited (but not repressed) during anaerobic growth, whereas the 2-oxoglutarate complex is induced by acetate (2-oxoglutarate) and severely repressed under anaerobic conditions (Langley & Guest, 1978) . Mutant studies have indicated that the ace operon is auto-regulated and, in order to explain how the expression of a single Ipd gene can be geared to the independently regulated ace and suc operons, it has been proposed that the Ipd gene may be similarly regulated by the uncomplexed E3 component acting as a repressor (Guest, 1978) .
The ace, Ipd and suc genes have been isolated by a combination of in vitro and in vim methods involving the cloning of neighbouring genes in A vectors, followed by the extension of the cloned inserts by prophage integration and aberrant re-excision at the homologous region of the bacterial chromosome. Thus recombinant h d C phages containing the corresponding Hind111 or EcoRI fragments ( Fig. 1) were used to generate hdC-ace-Ipd-transducing phages as sources of the aceE,F and Ipd genes (Guest & Stephens, 1980) . Likewise, AgltA phages constructed using a 3.1 kb EcoRI-Hind111 fragment ( Fig. I ) from ColEl-glta+ hybrid plasmids (Guest, 1981) , were used to generate families of AgltA-sdh and AgltA-sdh-suc phages (Spencer & Guest, 1982) . The structural genes were located relative to the corresponding physical maps by recombination and complementation studies using a variety of fragments cloned in phage and plasmid vectors and appropriate mutant recipients (Guest & Stephens, 1980; Spencer & Guest, 1982; Guest er al., 1983) . The transcriptional polarities of the genes ( Fig. 1) were also defined by using the transducing phages in post-infection-labelling studies with u.v.-irradiated hosts Spencer & Guest, 1982) . These confirmed earlier findings with polar mutants, that the ace and suc operons are expressed with a clockwise polarity relative to the bacterial chromosome (Henning et al., 1966; Creaghan & Guest, 1972) . They also established that the Ipd gene is expressed from its own promoter with the same polarity (Fig. 1) . 1973; Williams, 1976) ; the sizes for the E2 components confirm those obtained by sedimentation equilibrium analysis rather than the higher values derived from electrophoretic mobilities in SDS/polyacrylamide-gels.
The two dehydrogenase components (Elp and Elo) exhibit remarkably little sequence homology and it would appear that despite their analogous catalytic functions, molecular interactions and genetic organization, these components do not share a close evolutionary ancestor. By contrast, there are striking homologies between the acyltransferase components (E2p and E h ) . The primary structures of the acyltransferase components fully support conclusions, based on limited tryptic proteolysis, that they possess two heterologous domains, the lipoyl domains and subunit-binding and catalytic domains (Bleile et al., 1979; . The lipoyl domain of the acetyltransferase (E2p) corresponds to an acidic segment of approximately 300 N-terminal residues, linked to the Cterminal subunit-binding domain by a short segment that is rich in potential trypsin-sensitive sites. Although the acetyltransferase is thought to contain two or possibly three lipoyl groups per chain, only one lipoyl-lysyl peptide sequence has been detected (Danson & Perham, 1976; Bleile et al., 1979) . In fact, a sequence of 18 identical residues containing the critical lysine residues occurs three times in the acetyltransferase chain. Furthermore, these potential lipoyl-binding sites are situated in three highly conserved 1 Wresidue repeating units that together make up the lipoyl domain. These internal homologies are highlighted in the comparison matrix presented in Fig. 2a . The repeating units have identical residues at positions 69 to 80 and they are further Vol. 12 (Staden, 1982) , which incorporates the MDM78 scoring system, was used. Each point corresponds to the mid-point of spans of 21 residues that gave a score equivalent to a double-matching probability of < 0.001.
The lipoyl domains (-) and subunit-binding domains (---) are indicated and the asterisks (*) denote potential lipoyl-lysyl residues in the lipoyl domains.
characterized by having C-terminal segments that are rich in alanine and proline. The comparison matrix also reveals the existence of additional homologies within each repeat (Fig. 2a) . The succinyltransferase (E20) has a smaller lipoyl domain of about 100 residues, containing a single lipoylbinding site, and a comparable subunit-binding and catalytic domain. The homologies between both domains of the two acyltransferases are clearly apparent in the comparison matrix shown in Fig. 26 . The lipoyl domain of E20 aligns with all three repeating units of E2p and contains identical residues at positions 23 to 28. The homology is greatest in the region flanking the lipoyl-lysine residue. In addition, the subunit-binding domain of E20 contains a small region (residues 155-170) that is homologous to the alanine-and proline-rich region of the lipoyl repeating units (Fig. 26) . Evidence from high-resolution electron micrographs of the acetyltransferase indicates that the lipoyl domains exist as fibre-like extensions that appear as a 'fuzz' around the core (Bleile et al., 1979) . Furthermore, a high degree of intramolecular mobility involving large segments of the polypeptide chain encompassing the lipoyl groups has been detected by n.m.r. spectroscopy , although E20 differs from E2p in retaining most of the mobility after the lipoyl-peptides have been released by trypsin . This mobility is thought to increase the effective radius of the lipoyl-lysyl swinging arms in carrying the substrate between the catalytic sites of the three enzymic components and between different acyltransferase subunits in the complexes. The primary structure is entirely consistent with this view, and, if the mobility is associated with the alanine-and proline-rich regions, then the lipoyl region of E20 could be released and still leave a large segment of potentially mobile polypeptide. It is also apparent that the lipoyl-binding regions resemble tethered forms of the small disulphydryl proteins, thioredoxin and glutaredoxin, which mediate somewhat similar redox reactions in conjunction with disulphide-flavoprotein reductases (thioredoxin reductase and glutathione reductase) that are analogous to lipoamide dehydrogenase. Since it is generally agreed that the number of lipoyl residues participating in reductive acetylation, acetyltransfer and reoxidation is two (or two net) per E2p chain, and that up to half of the lipoyl groups can be removed without serious loss of complex activity, it will be of interest to investigate the consequences of selective deletion or modification of one or more of the three lipoyl-binding sites, as well as to establish whether or not all three sites are fully lipoylated.
The lipoamide dehydrogenase component (E3) contains a typical adenine (FAD)-binding site close to the N-terminal and to the redox-active disulphide that is highly conserved in pyridine nucleotide disulphide oxidoreductases (Arscott et al., 1982; Williams, 1976) . In fact, there is a remarkable degree of sequence homology along the entire length of the polypeptide chains of the E. coli lipoamide dehydrogenase and other sequenced disulphide oxidoreductases human erythrocyte glutathione reductase (Krauth-Siege1 et al., 1982) and Tn901-encoded mercuric reductase (Brown et al., 1983) . It is also possible to align tryptic peptides from the pig heart lipoamide dehydrogenase according to their homologies with existing sequences (Arscott et al., 1982; Stephens et al., 1983) .
The sequence analysis has solved some of the controversial features regarding the size and domain structure of some of the components, and it has provided a firm foundation for further studies on structure-function relationships and on the regulation of gene expression. The sequence has also provided new insights into the evolution of the complexes, where a simple duplication of an ancestral operon does not seem to have occurred. However, the analysis has not provided any obvious explanation, either at the transcriptional or translocational levels, for the disproportionate subunit stoichiometries. The codon preferences are typical of strongly expressed genes, although there are short intergenic regions between the E l and E2 coding regions, which could effect the degree of translational coupling.
Introduction and methods
The cloning of the am gene of Neurospora crassa, coding for NADP-specific glutamate dehydrogenase, has been recently reported (Kinnaird et al., 1982) . The method used involved the use of a synthetic 17-nucleotide D N A probe, the sequence of which was deduced from an analysis of the amino acid sequence of a double-frameshift revertant from a frameshift mutant (Siddig et al., 1980) . The coding sequence was shown, by mRNA hybridization, to reside within a 2.7kb BamHl subfragment of the 9.0kb Hind111 fragment originally cloned. This subfragment contains one BglII and four XhoI sites, and these have been used for further subcloning into the single stranded bacteriophage M 13 and nucleotide-sequence determination by Sanger's 'dideoxy' method. A coding sequence corresponding to the 453-residue amino acid sequence previously determined (Holder et al., 1975) has been found centrally positioned within the 2.7 kb BamHl fragment. It is interrupted by two intervening sequences (introns). Appropriate restriction fragments, cloned as single strands in M13 and selected as likely to overlap the transcription termini, have been used as templates for complementary synthesis of 32P-labelled strands and the lengths of the regions protected against digestion with SI nuclease by hybridization to mRNA have been determined.
The following are the main points of interest revealed by the sequencing and S1 mapping.
Codon usage
The am coding sequence shows strong bias in codon usage. Where the general code permits a choice of codons for a given amino acid the following rules apply: pyrimidines are used almost to the exclusion of purines; except in Abbreviations used : bp, base-pairs; kb, kilobases; pu, purine; Py, pyrimidine. 
Intervening sequences
Two introns, of 66 and 61 bp respectively, interrupt codon 15 (glutamate, GAG) and codon 107 (leucine, CTG). There is no indication that either marks the junction between sequences coding for different structural domains of glutamate dehydrogenase (cf. Wootton, 1974) . Comparison of the am sequence with that of the highly homologous gene coding for NADP-specific glutamate dehydrogenase in Escherichia coli (Mattaj et al., 1983) strongly suggests that the Neurospora introns were secondarily inserted into a fully formed coding sequence. The second intron, in particular, occurs approximately in the centre of a region which, in terms of amino acid sequence, is 90% conserved between E. coli and N . crassa, with no insertions or deletions. Both introns have typical eukaryotic 'consensus' splicing junctions and both contain the interior sequences 5' AAAAC-CA . . . GCTGACT 3', the significance of which remains to be determined.
Transcription initiation and termination
The sequence TATAAA is found 147 nucleotides upstream of the ATG translation-initiation codon; four translation starts, all at or immediately adjacent to C T sequences in pyrimidine-rich tracts, have been observed between 38 and 57 nucleotides downstream of the TA-TAAA sequence. There appears to be a single transcriptiontermination site about 230 nucleotides downstream of the UAA termination codon.
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